Abstract Survivin is overexpressed by 70-80% of pancreatic cancers, and is associated with resistance to chemotherapy and a poor prognosis. Gemcitabine has been a standard treatment for patients with advanced pancreatic cancer for a decade. Recent reports have demonstrated that gemcitabine treatment attenuates the tumor-suppressive environment by eliminating CD11b
Introduction
Pancreatic cancer, with an overall 5-year survival rate of 5% [1] , remains one of the most deadly cancers, and success in its treatment has progressed little in past decades. Surgical resection improves the outlook, although fewer than 20% of patients with pancreatic cancer are eligible for resection [2, 3] . Most resected patients fail treatment due to local recurrence, hepatic metastases, or both within 1-2 years after surgery [4, 5] . The effect of traditional cytotoxic chemotherapy on pancreatic cancer is very limited. Gemcitabine is a chemotherapeutic drug (cytidine analog) that is currently the most effective treatment for advanced pancreatic cancer patients, resulting in a modest increase in survival [6] . However, recent trials have failed to show an improvement in survival when gemcitabine is combined with other chemotherapeutic drugs [7] . Erlotinib, an epidermal growth factor receptor inhibitor, was recently reported to produce a statistically significant improvement in survival, when combined with gemcitabine. However, the increase in survival was modest [8] . Clearly, novel treatments for pancreatic cancer are desperately needed. One approach which might have significant therapeutic potential is to combine gemcitabine with immunotherapy. Recent studies have revealed substantial cell-mediated immune responses in pancreatic cancer patients, suggesting that immunity may be relevant [9] . Other studies indicated that gemcitabine treatment is not immunosuppressive and may enhance responses to specific immunotherapy by driving effector immunity to cancer cells [10, 11] .
Gemcitabine not only exerts direct antitumor activity through induction of death pathways leading to apoptosis [12] , but also mediates immunological effects relevant to tumor immunotherapy [11, 13] . Enhanced cross-presentation of tumor antigens by DCs after gemcitabine treatment leads to enhanced tumor recognition by cytotoxic T lymphocyte (CTLs) in vivo [14] . Recent reports demonstrate that gemcitabine selectively eliminates splenic Gr-1
? / CD11b
? myeloid-derived suppressor cell (MDSC) in tumor-bearing animals thereby enhancing antitumor immune activity [15, 16] . Pancreatic carcinoma cells can be recognized by tumor-specific T cells [17, 18] and tumorreactive T cells capable of tumor rejection can also be isolated from blood of pancreatic cancer patients [19] . Tumor infiltration with CTLs and T helper cells is associated with a favorable prognosis in pancreatic cancer patients [20] . Therefore, combination of immunotherapy and gemcitabine might be a promising strategy for treatment of pancreatic cancer patient.
Survivin, a member of the inhibitor of apoptosis (IAP) family, regulates important pathways implicated in cell cycle progression, cell proliferation and cell death [21] . This intracellular protein is broadly expressed during embryonic development [22] , mostly absent in differentiated cells, but then strongly up-regulated in human cancer cells of various origins [23, 24] . Survivin expression is associated with enhanced tumor cell viability and resistance to cancer therapies [25] . Accordingly, knock-down of survivin expression in tumor cells has highly detrimental effects on cancer cell viability and tumor progression [26] . Widespread expression in several types of human cancers, general absence in normal adult tissues and a requirement for tumor cell survival essentially identifies survivin as an almost ideal ''universal'' tumor-associated antigen (TAA). Spontaneous cellular, as well as humoral immune responses against survivin have been detected in patients with several types of cancer [27, 28] , further validating survivin as a TAA that can be exploited for therapeutic purposes. Importantly, CD8
? and CD4 ? T cell responses restricted to different human and mouse MHC molecules have been characterized and several relevant survivin epitopes were identified. All together, these features make survivin a highly attractive target for T cell-based immune strategies against cancer. Dendritic cell-and gene-based vaccines targeting survivin have been tested in preclinical settings where induction of T cell responses and tumor protection were observed [29, 30] . Because antigen-escape mutants would not be able to survive, survivin makes an excellent target for antigen-specific cell-mediated immunotherapy. Survivin is overexpressed in 70-82% of pancreatic cancers, and is associated with resistance to chemotherapy and radiotherapy, and a poor prognosis [31, 32] . Survivin has also been found in more than 56% of intraductal papillarymucinous tumors, a precancerous neoplasm in the pancreatic duct, suggesting that it plays a role in oncogenesis [33] .
An optimal immunotherapy approach to survivin would involve an immunization strategy which generates vigorous T cell responses, without the requirement for a haplotype (HLA-matched)-or patient-specific vaccine. The highly attenuated strain of vaccinia, modified vaccinia Ankara (MVA) has been employed as a vaccine vector to deliver TAA [34] [35] [36] . MVA vaccines have demonstrated safety, immunogenicity, and evidence of clinical benefit in patients with cancer [37] . In this study, we generated MVA expressing mouse survivin and evaluated vaccine efficacy. We evaluated the antitumor effect of MVA-survivin against a poorly immunogenic pancreatic carcinoma in a preclinical murine model. We evaluated the effect of gemcitabine in combination with the MVA-survivin vaccine. We have demonstrated that the combination of MVA-survivin and gemcitabine generates enhanced antitumor immunity in an established pancreatic carcinoma model.
Materials and methods

Mice and cell lines
Six-week-old female C57BL/6 mice were purchased from The Jackson Laboratory (Bar Harbor, ME) and maintained in a specific pathogen-free animal facility. All studies were approved by the Research Animal Care Committee of the City of Hope National Medical Center and performed under the Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC) guidelines. The poorly immunogenic mouse pancreas adenocarcinoma cell line, Pan02 (also known as Panc02) [38] was kindly provided by Dr. DC. Linehan, Washington University School of Medicine [39] . Pan02 was cultured in RPMI-1640 medium (Cellgro, Herndon, VA) supplemented with 10% fetal bovine serum (ISC Bioexpress, Kaysville, UT), 1% penicillin/streptomycin (GIBCO, Carlsbad, CA), 1% L-glutamine (GIBCO, Carlsbad, CA), and 1% HEPES buffer (Irvine Scientific, Santa Ana, CA). Baby hamster kidney cells (BHK-21) [40] were purchased from American Type Culture Collection (Manassas, VA) and grown in MEM (Cellgro, Herndon, VA) supplemented with nonessential amino acids, L-glutamine, and 10% FCS.
Antibodies
Fluorescein isothiocyanate (FITC)-conjugated CD4 monoclonal antibodies (mAb), FITC-conjugated CD11b mAb, phycoerythrin (PE)-conjugated CD8 mAb, PE-conjugated Gr-1 mAb, or allophycocyanin (APC)-conjugated gamma interferon (IFN-c) mAbs were purchased from BD Pharmingen (San Diego, CA). Anti-CD4 (GK1.5) [41] was purchased from American Type Culture Collection (Manassas, VA). Anti-CD8 (H35) [42] was kind gift from James P. Allison (Memorial Sloan-Kettering Cancer Center, New York, NY). Antibodies were produced using a CELLine Device (BD Biosciences, Bedford, MA). IgG antibodies were purified by absorbance over protein GSepharose (Amersham Biosciences, Uppsala, Sweden) followed by elution with 0.1 M glycine-HCl (pH 2.7). The product was then dialyzed against PBS and concentrated using a Centriplus centrifugal filter device (Millipore, Bedford, MA). Anti-asialo GM1 was purchased from Wako Chemicals (Richmond, VA).
Generation of recombinant MVA
Construction of recombinant (r) MVA was performed according to published protocols [34] [35] [36] 43] . In brief, BHK cells were infected with wildtype MVA and then transfected using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) with a recombination shuttle plasmid containing the mouse survivin expression cassette to promote homologous recombination. The recombinant virus was screened by isolation of Venus TM -positive BHK cells under the fluorescence microscope. PCR to detect wildtype MVA was run with the following conditions: 95°C for 5 min and then 40 cycles of 95°C for 1 min, 55°C for 1 min, and 72°C for 1 min, followed by 72°C for 5 min. Primers used in PCR and specific for the flanking IGR3 regions were IGR3F 5 0 -TCCGCTCCCATTCAATTC-3 0 and IGR3R 5 0 -AACACCCGCACAAGTCTG-3 0 [44] . PCR products were visualized by gel electrophoresis on a 1.2% agarose/ ethidium bromide gel under UV light. The survivin expression cassette is *1.6 kb in length, while the wildtype IGR3 product is *300 bp in length. Viruses were screened for expression levels, candidates selected, and purified by sucrose density ultracentrifugation. High-titer stocks were stored at -80°C. The protein expression levels of mouse survivin from recombinant MVA-infected BHK-21 cells, normal mouse pancreas tissue, and Pan02 cells were evaluated by Western blot analysis. Membranes were incubated first with the rabbit anti-mouse survivin antibody (Ab) (AbD Serotec, Oxford, UK), followed with a peroxidase-labeled goat anti-rabbit Ab (Sigma-Aldrich, St. Louis, MO).
In vivo evaluation of gemcitabine on Gr-1 ? /CD11b
? myeloid-derived suppressor cells C57BL/6 mice received s.c. injections of 2.5 9 10 5 Pan02 cells. Tumor volumes were calculated from caliper measurements of length, width, and height of the tumor mass. When tumors reached a minimal volume of 500 mm 3 , mice were injected i.p. with a single dose of 60 mg/kg of gemcitabine (Eli Lilly, Indianapolis, IN). Forty-eight hours after treatment, spleen cells were harvested and the single cell suspensions were subjected to flow cytometry [15] .
In vivo tumor challenge experiments
To develop an established pancreatic carcinoma model, mice were challenged with 2.5 9 10 5 Pan02 cells by subcutaneous injection into the right lower flank. When the tumors were palpable and reached 3-4 mm in diameter, mice were immunized twice at a 1-week interval with 5 9 10 7 plaque-forming units (pfu) of MVA-survivin or control MVA (recombinant MVA carrying human carcinoembryonic antigen (CEA) [45] ). For the gemcitabine combination experiment, 60 mg/kg of gemcitabine was administrated i.p. 48 h prior to prime immunization. For the in vivo mAb depletions, MVA-survivin with gemcitabine-treated mice were injected i.p. with 200 lg of anti-CD8 mAb (H35), anti-CD4 mAb (GK1.5), or anti-asialo GM1 (dilution 1/20) with a maintenance dose every 3 days until killing of the animals [34, 35] . Tumors were measured twice weekly in three dimensions with calipers. Growth curves, representing mean tumor size, were truncated when the first mouse in the respective group died.
Cellular cytotoxicity assay
Cytotoxicity against gemcitabine treated or non-treated Pan02 cells was determined with a standard 51 Cr release assay at E:T ratios of 100, 20 and 4 [34] . Effectors used in the assay were derived from spleens of Pan02-bearing C57BL6 mice (n = 3) immunized with a single dose of MVA-survivin at day 3 post-tumor challenge. Briefly, Pan02-bearing mice were killed 1 week post-immunization and splenocytes were co-incubated with irradiated Pan02 cells (20,000 rads) for 1 week. Effectors were then co-incubated for 4 h with 5,000 Pan02 target cells in 96-well plates (in triplicate) that had been incubated overnight in DMEM, without or with gemcitabine at a final concentration of 10 nM, and then labeled with 51 Cr.
Radioactivity released into the supernatant was measured using a Cobra Quantum gamma counter (PerkinElmer). Percent-specific lysis was calculated using the formula: (experimental release -spontaneous release)/(maximum release -spontaneous release) 9 100.
Overlapping peptide library A 15-mer overlapping peptide library derived from fulllength mouse survivin was composed of 34 peptides, which covered all 140 amino acids of the survivin protein with an 11-amino acid overlap between peptides (Table 1) . Peptides were synthesized in our laboratory with a Symphony Quartet peptide synthesizer (Protein Technologies Inc., Tucson, AZ) using standard FMOC protocols and purified to [95% purity by HPLC (Agilent 1200) using an Atlantis TM preparative HPLC column (Waters, Watertown, MA). The identity of the peptides was confirmed by MALDI TOF mass spectrometric analysis using a Kompact Probe mass spectrometer (Kratos Analytical, Shimadzu, Kyoto, Japan).
Intracellular cytokine assays
A prime immunization was conducted by i.p. injection and consisted of either 5 9 10 7 pfu of recombinant MVAsurvivin or control MVA on day 0. A boost immunization was administered on day 14. One week after the boost immunization, mice were killed and splenocytes were incubated in the presence of irradiated and peptide library (10 lg/ml each peptide) pulsed LPS blasts, as described [36] . After a 7-day in vitro stimulation, the splenocytes were assayed for intracellular IFN-c production. The cells were exposed to 10 lg/ml of peptide library for 1 h after which GolgiPlug (BD Pharmingen, San Diego, CA) was added. Following an overnight incubation, the cells were washed and labeled with FITC-conjugated Ab to mouse CD4 and PE-conjugated Ab to mouse CD8. The cells were then permeabilized and labeled with APC-conjugated Ab to IFN-c for 30 min at 4°C. The cells were washed and analyzed on a FACSCanto flow cytometer (Becton-Dickinson, San Jose, CA).
Statistical methods
Comparisons between two groups were evaluated by the Student's t test using GraphPad Prizm 5 software. Comparisons with more than two groups were done by ANOVA. Values of the results were expressed as mean and SEs. Differences were considered to be statistically significant when P \ 0.05. The survival time was evaluated using Kaplan-Meier plots and log-rank (Mantel-Cox) tests.
Results
Construction of recombinant MVA-survivin
Recombinant MVA carrying the mouse survivin gene (MVA-survivin) inserted in the IGR3 site [44] was generated by infection of BHK cells with wildtype MVA followed by transfection of a transfer vector containing the mouse survivin expression cassette (Fig. 1a) . Following transfection/infection, MVA-survivin isolates were Fig. 1b , bands were observed at 1.6 kb, the length of the mouse survivin expression cassette, but not at 300 bp in the lanes carrying PCR product from viral DNA of C7 or ultrapurified C7 isolates. These results suggest the absence of wildtype MVA in the ultrapurified stocks. To verify that the mouse survivin gene was still present in the ultrapurified C7 stock, Western blot analysis for mouse survivin expression was conducted. Lysates from BHK cells infected with ultrapurified isolate C7 were shown to contain mouse survivin, as indicated by the band present at *17 kDa (Fig. 1c) . For the tumor challenge experiment, Pan02 cells were tested for expression of survivin by Western blot analysis. Survivin protein was clearly detected as a protein of *17 kDa in Pan02 cells (Fig. 1d) . 7 pfu of MVA-survivin or MVA-control. Booster immunization was performed 7 days after the prime immunization. Despite multiple immunization, MVA-survivin alone resulted in a modest therapeutic antitumor effect on established pancreatic tumors (Fig. 2) .
Gemcitabine reduces tumor-associated MDSC in mice inoculated with Pan02 pancreatic cancer cells
As an initial evaluation of gemcitabine, we tested whether gemcitabine could effect splenic MDSC in Pan02 tumorbearing mice. Tumor-bearing mice with large, [500 mm 3 Pan02 tumors, were treated with a single dose of 60 mg/kg of gemcitabine. Forty-eight hours after treatment, spleen cells were evaluated. Using two-color flow cytometry, physiological CD11b
? /Gr-1 ? MDSC constituted 4-6% of the splenocytes in naïve C57BL/6 mice (data not shown). In contrast, mice-bearing large Pan02 tumors showed marked increases in splenic MDSC. As shown in Fig. 3 , CD11b
? /Gr-1 ? MDSC made up to 23.58% of the splenocytes in an animal bearing a large Pan02 tumor (500 mm 3 in size). The average percentage of CD11b
? /Gr-1 ? MDSC in mice-bearing tumors increased significantly. Gemcitabine administration resulted in a reduction in MDSC in mice-bearing tumors. Two days after treatment with a single dose of gemcitabine (60 mg/kg), the average percentage of CD11b
? /Gr-1 ? MDSC decreased significantly (P \ 0.05).
MVA-survivin combined with gemcitabine elicits potent antitumor effects in an established mouse pancreatic cancer model Because the MVA-survivin vaccine alone was not sufficient to induce a strong antitumor response in a therapeutic model, we tested whether the addition of gemcitabine would result in enhanced priming of survivin-specific antitumor responses. C57BL/6 mice were first injected with 2.5 9 10 5 Pan02 cells. Once palpable tumors developed, gemcitabine was injected i.p. on days 3. Two days after gemcitabine administration, mice were immunized i.p. with 5 9 10 7 pfu of MVA-survivin, MVA-control, or PBS. A booster immunization, or control was administered i.p. 7 days after the prime immunization. As shown in Fig. 4a , treatment with gemcitabine in combination with MVAsurvivin immunization resulted in potent antitumor effects relative to immunizations with MVA-control with gemcitabine or MVA-survivin without gemcitabine. MVAsurvivin combined with gemcitabine also showed improved survival versus gemcitabine treatment groups without MVA-survivin immunization (Fig. 4b) . Survival results are displayed using a Kaplan-Meier plot which shows that 50% of the mice in the MVA-survivin with gemcitabine group are alive at 50 days, whereas all other animals expired by 38 days post-tumor inoculation. There was a significant difference in survival in the MVA-survivin with gemcitabine group versus the gemcitabine treatment group without MVA-survivin (P \ 0.05 by log-rank test). 
and CD4
? T cells were induced in mice immunized with MVA-survivin. Furthermore, when MVA-survivin immunization was combined with gemcitabine treatment, there was a trend toward enhanced survivin-specific IFN-c release in CD8
? T cells in excess of that seen with MVAsurvivin immunization alone. Interestingly, a minimal survivin-specific IFN-c response was seen in mice immunized with a control MVA with gemcitabine. Gemcitabine treatment may have resulted in de novo in vitro, peptide library-specific CD8
? T cell immunity.
Role of immune subsets and gemcitabine in control of Pan02 tumor growth
To determine the relative contribution of T cell and NK cell subsets on enhanced antitumor effect of Pan02 tumors following MVA-survivin immunization and gemcitabine administration, mice were treated with i.p. injections of depleting doses of CD4 ? , CD8 ? , or NK cell-specific antibodies. As shown in Fig. 6a , mice depleted of CD8 ? cells developed rapidly lethal tumors. In contrast, CD4
? T cell and NK cell depletion resulted in only partial abrogation of the response to the vaccine. We then assessed whether gemcitabine could alter the sensitivity of Pan02 tumor cells to CTL killing. To do this, we carried out chromium release assays using Pan02 targets untreated or treated overnight with gemcitabine. As shown in Fig. 6b , treatment of Pan02 targets with gemcitabine significantly increased susceptibility to killing (P \ 0.05 by Student's t test) by CTL obtained from the spleen of Pan02-bearing mice vaccinated with MVA-survivin.
Discussion
Vaccine immunotherapy of tumors aims to recruit and activate T cells that recognize tumor-specific antigens to eliminate tumors. Vaccine immunotherapy is an attractive adjunct to chemotherapy for the treatment of pancreatic cancer, because immunotherapy acts through a mechanism that is distinct from chemotherapy, and represents a noncross-resistant treatment with an entirely different and minimal spectrum of toxicity. New insights into the mechanisms by which T cells are successfully activated and by which tumors evade immune recognition are driving the development of new combinatorial immunotherapeutic approaches. In addition, recent advances in geneexpression analysis have allowed for the identification of new pancreatic cancer targets, including candidate tumor antigens that might serve as T cell targets. These advances now make it possible to exploit the immune system in the fight against pancreatic cancer.
Survivin is an attractive T cell target for pancreatic cancer. The feasibility and efficacy of targeting survivin as a cancer vaccine have been investigated in several cancer models [29, 30] . MVA engineered with recombinant genes (rMVA) have shown promise as a vaccine in rodents and macaques for infectious disease and cancer. MVA infection leads to effective antigen presentation by human antigen presenting cells, and the generation of TAA-specific CTL [34] . Previously, we generated and extensively characterized an attenuated poxvirus referred to as MVA expressing either human or murine p53 [35] [36] [37] . These MVA vaccines resulted in enhanced tumor-specific immunity and tumor rejection of immunogenic tumor lines. In this study, however, MVA-survivin immunization alone did not result in significant antitumor activity for the poorly immunogenic Pan02 mouse pancreatic tumor despite its overexpression of survivin.
Gemcitabine can increase the antitumor activity of CD8
? T cells and activated NK cells by selectively reducing the CD11b
? /Gr-1 ? MDSCs, known to be significantly increased in the spleen and tumor of tumorbearing mice [15, 46] . MDSCs in mice are heterogeneous myeloid cells primarily comprised of CD11b ? /Gr-1 ? cells [47] . Tumor-associated MDSCs and their suppressive function against tumor-specific T cells have been well described previously [48, 49] . Recently, many drugs including Cox-2 inhibitors and PDE-5 inhibitors have been evaluated as MDSC inhibitors in preclinical tumor models, and they have been used to limit the MDSC-mediated suppressive environment [50, 51] . Sunitinib has also been reported to be an effective suppressor of MDSCs [52] . Gemcitabine is a standard chemotherapeutic drug with activity in pancreatic cancer, and its combination with MVA-survivin is a reasonable strategy. Treatment of an established tumor with gemcitabine could induce apoptosis of tumor cells and, hence, prime antitumor immunity by increasing antigen cross-presentation [11] . Based on these findings, we attempted to combine gemcitabine with MVAsurvivin immunotherapy. Pan02 cells were used to model a combination strategy of MVA-survivin and gemcitabine in a preclinical pancreatic cancer model. We found that gemcitabine treatment works in synergy with immunotherapy to delay tumor growth. To minimize the adverse effect of the chemotherapeutic agent on activated tumorspecific CTL, gemcitabine was administered at a low dose 48 h before MVA-survivin immunization [15] . Splenic MDSCs in mice-bearing Pan02 tumor were selectively attenuated by the low dose gemcitabine treatment. Together, gemcitabine treatment and immunotherapy significantly augmented therapeutic antitumor immunity against established pancreatic tumors. It is likely that the attenuation of MDSCs resulting from gemcitabine treatment augmented the effect of immunotherapy. The enhanced T cell response to mouse survivin. Gray bar CD4 ? T cell response to mouse survivin antitumor effect was probably related to augmented immunogenicity against survivin when MVA-survivin immunization was combined with gemcitabine treatment.
In our study, gemcitabine treatment enhanced survivinspecific CD8
? IFN-c immune responses in MVA-survivin immunized mice. This is further supported by the in vivo mAb depletion experiments, which demonstrated that the antitumor effect of the combination was mediated primarily by CD8
? T cells and to a lesser degree by NK cells. We also show that gemcitabine treatment of Pan02 cells significantly increases susceptibility to killing by CTL when compared to untreated Pan02 cells. In summary, the synergistic effect of this combined chemoimmunotherapy using gemcitabine and subsequent immunotherapy is dependent primarily on CD8
? T cells. Gemcitabine succeeded in breaking tolerance to survivin. Gemcitabine treatment resulted in diminished MDSCs. Taken together, these data suggest that a two-pronged approach, the generation of effector cells against self-tumor antigen and the attenuation of the tumor-suppressive environment, can act in synergy for the induction of antitumor immunity in pancreatic cancer.
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